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CHANGES IN THE SNOW DEPTH CHARACTERISTICS
IN THE TERRITORY OF RUSSIA IN 1950-2013:
THE REGIONAL FEATURES AND CONNECTION WITH THE GLOBAL WARMING
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Essential differences in the changes of the snow cover characteristics have been revealed for the territory
of Russia. Although the snow cover depth has increased in the entire territory, in certain regions it is influenced
both by the increase of the number of thaws and by the changes in the large-scale atmospheric circulation. In
1979-1995, the maximum March snow cover depth decreased in the western regions of European Russia, in-
creasing in the northeastern parts of European Russia and in the north of Siberia. In the mid-1990s, the trends
of the snow depth change in these regions reversed. The shortening of the snow cover offset dates in the spring,
as well as the reduction in the snow cover area in the middle of spring agrees with the general trend of warming
of this season observed since the beginning of the 1950s. Essential reduction in the snow cover area in the
middle of autumn, as well as the delayed snow cover onset, have been observed only over the recent 10—15 years.
These phenomena correlate with the total rise of the surface air temperature in northern Eurasia and the weak-
ening of the zonal transport of air masses observed since the mid-1990s.

Snow cover depth, snow cover onset and offset dates, surface air temperature

INTRODUCTION

The sensitivity of the snow cover of Northern
Eurasia to the process of global warming has been
studied quite well [Kitaev et al., 2001; Brown and
Mote, 2009; Brown and Robinson, 2011; Brown and
Derksen, 2013]. The results of the study conducted
indicate that different characteristics of the snow
cover may demonstrate multidirectional changes. For
example, reduction of the snow cover area on the con-
tinent [ Brown and Robinson, 2011; Brown and Derk-
sen, 2013], which is observed near the western and
southern boundaries of its occurrence [Popova and
Polyakova, 2013], is accompanied by the increase of
winter accumulation of snow at high latitudes over a
vast territory [Kitaev et al., 2001; Popova, 2007;
Shmakin, 2010; Bulygina et al., 2011].

Since the beginning of the 20 century, the main
phases of modern climate warming in the north of
Eurasia have coincided with the course of the mean
surface air temperature in the Northern Hemisphere
(Fig. 1). According to the Second Rosgidromet evalu-
ation report [ 2014], gradual warming of the climate in
the territory of Russia has been recorded already
since the end of the 19t century. In the 1910s, the
trend changed, but by the beginning of the 1920s, the
temperature rise continued, followed by the epoch of
the so-called warming of Arctic — the period of the
1930-1940s, when the rise of temperature was espe-
cially noticeable in the northern latitudes and re-
ached 0.8 °C. Certain decrease of the air temperature
(about 0.3 °C) in the 1950—1960s is sometimes re-
ferred to as a cooling period [Gruza and Rankova,
2003], and since the 1970—1980s, the mean air tem-
perature in winter was steadily rising in Russia till
the mid-1990s. Its growth in this period corresponds

to the modern global warming, and on average for the
territory of Russia it is about 1 °C.

From the mid-1990s for nearly 20 years, accord-
ing to instrumental observations, occurrence of
anomalously cold winters increased in the north of
Eurasia, which resulted in slowing down of the
growth rates of the surface air temperature in the
Northern Hemisphere [IPCC, 2013; The Second... re-
port...,, 2014] and allowed scientists to talk about
slowing down of the warming rates. The causes of this
phenomenon, which was named a “global warming
hiatus” [IPCC, 2013; England et al., 2014; Wikipedia,
2018, are related to both reduction of the area of the
Arctic sea ice and to the rise of the temperature of the
ocean surface in northern Atlantic [Petoukhov and
Semenov, 2010; Cohen et al., 2012; Semenov, 2015; Se-
menov and Latif, 2015], and to anomalies in distribu-
tion of heat in the upper layers of the Pacific Ocean
[ Trenberth and Fasullo, 2013; England et al., 2014].
Changes in atmospheric circulation are recognized as
the direct cause of the cold winters in the territory of
Russia from the mid-1990s: increased occurrence of
Arctic intrusions of air masses, related to weakening
of zonal circulation and intensification of the inter-
latitudinal air exchange. These changes are reflected
in the long-term variation of the index of North At-
lantic Oscillation — NAO, the positive anomalies of
which are related to intensification of the western
transfer in the atmosphere of the off-tropical zone of
the Northern Hemisphere, accompanied by warm and
snowy winters in the high latitudes of the European
territory of Russia (ETR) and of Siberia from the
early 1970s to the mid-1990s. Expressed in the down-
ward trend of the NAO index, weakening of the zonal
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flow of air masses from the second half of the 1990s
[Popova et al., 2018] indicates a change in the regime
of large-scale circulation, resulting in decrease of the
background values of the winter temperatures in the
north of Eurasia. As the close connections of snow ac-
cumulation with large-scale atmospheric circulation
have been noted previously [ Popova, 2007], a study of
regional specifics of snow accumulation in the said
periods is of interest in terms of identification of spa-
tial and temporal formats of its possible changes.

Previously performed analysis of the trends for
1966—2010 [Bulygina et al., 2011] demonstrates that
the maximum snow cover depth increased at the rate
of about 4 % per decade over the larger part of the
territory of Russia, but these results provide smooth-
ened estimations of the trends, as they do not con-
sider the change of climatic tendencies in the mid-
1990. To understand the mechanisms of forming
anomalies of the snow cover characteristics, it is im-
portant to assess their response to global climatic
changes and to reveal the regional features of the re-
sponse of winter snow accumulation and of its distri-
bution on the territory in the periods of the onset and
offset of the stable snow cover.

The goal of this study was to reveal the regional
distribution of the snow accumulation trends and the
area of the snow cover distribution in the transitional
seasons and its onset and offset dates in the territory
of Russia under conditions of the modern global cli-
matic changes, including the period of the fast rise of
the air temperatures in 1970-1990 and the subse-
quent warming hiatus. Solution of this task presup-
poses consideration of the spatial-temporal variations
in snow accumulation and obtaining comparative
evaluations of the regional trends for the snow cover
depth, its onset and offset dates, and snow extent
variation in the transitional seasons under the change
in the temperature regime in Northern Eurasia.

DATA AND METHODS OF ANALYSIS

In this study, data were used from the archives of
the All-Russia Research Institute of Hydrometeoro-
logical Information— the World Data Center [2076]
on the snow cover depth, obtained from the observa-
tions made at 600 meteorological stations located in
the territory of Russia in 1950—2013. The data on the
snow cover depth were analyzed mainly for the end of
March, as studying the average data of many years for
this parameter demonstrates that snow accumulation
reaches its maximum in this month in a large part of
the territory of Russia, with the offset of the snow
cover observed only south of 50° N [Popova and
Polyakova, 2013]. Gaps in observation series and clo-
sure of a number of meteorological stations in 1980—
1990s is an essential challenge arising in analysis of
data, in particular, of the characteristics of the snow
cover. In carrying out analysis of empirical orthogo-
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Fig. 1. Changes in the surface air temperature in the
north of Eurasia on average for December—March
(according to CRUTEM4.6.0.0).
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nal functions (EOF) and in making the subsequent
calculations of the mean annual series of the snow
cover depth, for distinct quasi-homogeneous (for the
character of show accumulation variations) regions
(or sectors), the station data were interpolated into a
regular 5°x 5° grid by the method of Kriging in the
Surfer software program | Goldensoftware, 2017]. The
resolution indicated corresponds to the average dis-
tance between meteorological stations and allows
the scientists to trace down the region-specific varia-
tions in the snow accumulation for the vast territory
of Northern Eurasia, as well as to avoid errors related
to gaps in the observation series. Primarily, by analyz-
ing the observation series for each meteorological sta-
tion and the spatial distribution of the snow cover
depth for each year, we controlled the quality of the
data obtained from the stations.

In analyzing and comparing the spatial distribu-
tion of the snow accumulation trends for two periods
(1979-1995 and 1996—-2013), non-uniformity of the
series of station observations was of special impor-
tance. Therefore, the number of gaps was evaluated
for each period, and the data obtained from the me-
teorological stations, at which the gaps exceeded
10 %, were discarded. As a result, the number of the
stations from which analysis of the snow accumula-
tion trends was made for 1979—1995 reduced to 478,
and for the period of 1996-2013, it became 454. Con-
sidering this difference and the emerged difference in
the distribution of meteorological stations and the
goal to obtain a more objective representation of the
results of the trend computation, they were not sub-
jected to interpolation and were presented not by
isolines but by symbols corresponding to the distri-
bution of the meteorological stations (Fig. 2).

The dates of snow cover onset and offset were
determined based on the data on the degree of cover-
age of the territory around the meteorological sta-
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Fig. 2. The trends of the maximum March snow cover depth (% for 10 years) in 1979-1995 (a) in 1996—-2013

(b) according to data from meteorological stations.

1 —less than —60 %; 2 — from —60 to —40 %; 3 — from —40 to —20 %; 4 — from —20 to 0 %; 5 — from 0 to 20 %; 6 — from 20 to 40 %;

7 — from 40 to 60 %; 8 — more than 60 %.

tion. As a threshold value, 50 % coverage was chosen.
This allowed us to calculate with equal accuracy the
offset date for the period in question, as before 1960,
visual estimation of the snow coverage was carried
out with the accuracy up to 50 % [ Instruction..., 1985].
The date when the degree of snow coverage became
greater/less than 50 % was considered to be the date
of the snow cover onset/offset. In addition, the cli-
matic characteristics of the snow cover deposition
were considered for the south of Russia, for the Baltic
countries and for the west of Ukraine, of which thaws
are typical, with subsequent onset of the snow cover.
If the thaw period was longer than the subsequent pe-
riod of the snow cover (with more than 50 % coverage
of the visible area under snow), then the date of the
beginning of the thaw was considered to be the date
of the offset of the stable snow cover (otherwise, tem-
porary offset of snow cover as a result of a thaw was
not considered). In forming long-term time-series of
the dates of the snow cover onset dates, the following
criterion was used: the duration of its continuous
coverage should be not less than 10 days (possible off-
set of the stable snow cover was not taken into ac-
count). This criterion differs from that generally ac-
cepted in the practice of meteorological observations
[Instruction..., 1985], yet, it seems sensible to us in the
sense of the possible impact of snow cover anomalies
in the period of snow cover onset/offset on heat- and
water exchange between the land surface and the at-
mosphere.

Based on the series of the snow cover onset
dates, long-term series of the snow cover areas in the
periods of the snow cover onset/offset were obtai-
ned — the first, second and third ten days of October
and April, accordingly. For this purpose, the snow
cover onset/offset dates were interpolated into regu-
lar grids of 5°x 5° (for the territory under study), then
the share of the cells with the snow cover was calcu-
lated for different ten days’ periods of October. The
time-series of the areas of snow cover occurrence
(in %) were calculated both for the territory of Russia
as a whole and for its large regions — the European
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territory of Russia (ETR (30—-60° E), Western Siberia
(60—100° E), Eastern Siberia and the Russian Far
East (100—180° E)). In studying the long-term trends
in the snow cover onset/offset dates and their rela-
tion to the modern global warming, their variation
over the recent decades was determined, compared to
the mean values for the period of 1950—1980.

To reveal the regional structure of snow accumu-
lation, the data on the maximum snow cover depth
were analyzed by their expansion onto the empirical
orthogonal functions (EOF), which was carried out
by using the STATISTICA software package, ver-
sion 6 [Statsoft, 2017]. Based on analysis of EOF1
and EOF2, regions were identified, which were found
to be homogeneous for the character of the variations
of the parameter under study. Then, to investigate the
variations of the long-term behavior of snow accumu-
lation and to obtain the estimates of their relation to
the modern global warming, the mean long-term be-
havior of the snow cover depth was calculated for the
indicated regions, and correlation analysis was per-
formed, using step-by-step multiple regression. Long-
term variations in the winter temperature mean for
the north of Eurasia and for the middle of autumn
and the beginning of winter, were calculated based on
the data of mean monthly values of the near surface
air temperatures from the archive CRUTEM 4
[CRUTEM, 2018] for the territory 40—75° N, 20—
180° E for the period of 1950—-2013.

THE REGIONAL TRENDS OF WINTER SNOW
ACCUMULATION AND THEIR RELATION
TO VARIATIONS IN THE SURFACE AIR
TEMPERATURES IN THE NORTH OF EURASIA

The main features of the spatial and temporal
structure of the snow cover depth are illustrated by
the position of the anomaly areas EOF1 and EOF2
(Fig. 2, a), inside which the long-term variations in
the snow cover depth are rather closely correlated
(the minimum correlation coefficient —0.5 is observed
between points on the boundary and in the center of
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the anomaly area). The share of variation described
by the respective modes (or the principal components
PC1 and PC2) is in total 30 % (EOF1 characterizes
19 % of the total variance, while EOF2 stands for
11 %), which might seem rather low at first, corre-
sponds to the share of the investigated region areas,
where variation in the snow cover depth is described
by these modes as more than 50 %. Accordingly, PC1
and PC2 account for about 80 and 10 % of the varia-
tion in the mean snow cover depth in the territory in
question. Thus, the major fraction of the variation in
the snow cover depth in this territory is related to the
region corresponding to EOF1 (Fig. 3, a).

In accordance with the patterns of EOF1 u
EOF2, the territory north of 55° N may be divided
into three sectors: central (50—120° E), eastern (120—
180° E) and western (30—50° E). The western sector
is insufficiently clearly identified by the EOF analysis
in the scale of the territory of Russia, which is related
to its western borders, but its identification is sub-
stantiated in [Popova, 2007], where the similar analy-
sis included the territory of the Baltic countries, as
well as those of Belarus and Ukraine. Identification of
the three regions mentioned above on the basis of
EOF analysis presupposes that within the indicated
sector regions, variations in the snow cover depth are
rather uniform. This allows us to obtain long-term
variation of this parameter for each of the regions for
the period of (1950—2013) by averaging the series in
the grid nodes within the identified sectors (Fig. 3, b).
This allows us to reveal the main trends in the snow
cover depth by the end of winter for the territory in
question and their relation to the modern climate
changes, in particular, to the winter temperature vari-
ation in the north of Eurasia. It is to be noted that
there is no correlation between the series of the snow
cover depth averaged by the sectors indicated. At the
same time, the relation between the variations of this
parameter within each sector is expressed by the sta-
tistically significant (at the level of p < 0.05) correla-
tion between the central and marginal regions
(p = 0.03-0.04).

The regional variations in the snow cover depth,
based on the averaged long-term series for the identi-
fied regions, are shown in Fig. 3, b. The central sector,
spreading over Siberia and the north-east of the
European territory of Russia, is noted for the most
significant trend from the beginning of modern war-
ming — 10 %/10 years, relative to the mean value for
the period of 1950—1970 (and 50 % contribution to
the total variance for the period of 1971-1995), as
well as for the close tie with the winter (December—
March) air temperature average for Northern Eur-
asia. It is to be noted that before the 1970s, there is no
relation between the regional variations in the snow
cover depth and the air temperature, and in the peri-
od of 1971-2013, it reaches 0.82. It can be seen from
Fig. 3, b that in this period the variations in the air

temperature and in the snow cover depth in this vast
region are practically synchronous in relation to in-
ter-annual high-frequency oscillations and low-fre-
quency oscillations, i.e., the trend. It should be men-
tioned that from the mid-1990s, the growth of the
snow cover depth (and of the air temperature) is
changed for the opposite trend, i.e., its decrease at the
rate of about 7 % /10 years.

Over the large part of the northern half of the
ETR, in the western sector, the growth of the snow
cover depth has been recorded till the beginning of
the 1980s and then, till the mid-1990s, it is followed
by the abrupt decrease with the rate of 22 % /10 years.
The high (29 %) contribution of the linear decrease in
the snow cover depth to the total variance indicates
its significance, despite the essential inter-annual
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Fig. 3. The regional structures of the variations in

the snow cover depth H (@) and its long-term varia-

tions in the territory of Russia in 1950-2013 ().

a: T-T1I — the regions similar for the character of variations in
the maximum March snow cover depth; 7, 2 — distribution of
EOF1 and EOF2, respectively; areas of correlation >0.5 are
shown between the snow cover depth and PC1, PC2; b: 1 — the
surface air temperature (7, °C) on average for the territory of
Northern Eurasia (40-75° N, 20-180° E) in December—March;
2—4 — snow cover depth (H, cm) in March north of 55° N on
average for sectors 45—120° E (2), 30-45° E (3), 120—180° E (4).
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variability. From the mid-1990s, the trend changes
for the opposite sign, although the growth rate of the
snow cover depth is rather low — 8 % /10 years. On
average for the period of 1994-2013, the snow cover
depth is close to the value which is average for the
entire period from the beginning of modern warming
(1971-2013). Despite the total growth of snow ac-
cumulation in the north-west of the ETR, its annual
variations are in an opposite phase to the variations
in the central sector and to the temperature fluctua-
tions. From the mid-1980s, correlation between the
variations in the snow cover depth in this region with
the mean air temperature in the north of Eurasia in
the winter period (December—March), as well as
with the snow cover depth variations in the central
sector, is —0.58 (there is no correlation for the preced-
ing 35 years).

In the eastern sector including the north of Ya-
kutia and Chukotka, the trend for the snow cover
depth of about 5 % /10 years, accompanied by signifi-
cant annual variation, has been recorded since the
mid-1980s. There is no correlation with the mean air
temperature in the north of Eurasia in the winter pe-
riod (December—March), as well as with the fluctua-
tions in the snow cover depth in the other sectors for
long-term periods, but, despite the remoteness from
the ETR, alternation of the periods of synchronous
and asynchronous relation between the snow accu-
mulation in the west of the ETR and in the north-east
is observed. It seems that these characteristic features
of the variations in the snow cover depth in the indi-
cated regions and their response to warming are re-
lated to certain mechanisms of large-scale circulation
and reflect the spatial distribution of the planetary
waves in atmospheric circulation of the extratropical
zone of the Northern Hemisphere.

In total for the north of Eurasia (north of 55° N),
the variations in the snow accumulation in the period
of 1971-2013 (compared to the period of 1951-1970)
are manifested by the increase of the mean (for the
period) snow cover depth at the end of winter by
17 % (7 cm). The most significant changes of about
26 % (11 c¢m) took place in Siberia and in the north-
east of the ETR, whereas in the north-west of the
ETR and in the Russian Far East they are less notice-
able — 10 % (5 ¢cm) and 7 % (3 cm). The above-men-
tioned regional differences are likely to be related to
the features of large-scale atmospheric circulation, in
particular, to intensification of zonal circulation, de-
scribed by the factors of the Arctic Oscillation and of
the North Atlantic Oscillation (NAO). The period of
intense warming of 1971-1995, caused by intensifica-
tion of the cyclonic character of the weather in the
north-west of Europe and in Siberia and by penetra-
tion of the Atlantic air to the east up to the Yenissei
River, is associated with the positive phase of the
NAO [Clark et al., 1999; Bardin et al., 2015]. In the
north-west of the ETR, these processes result in fre-
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quent thaws and snow melting, whereas in the north-
east of the ETR and in Siberia, the background of
negative temperatures is preserved, contributing to
continuous snow accumulation. In Yakutia and in
Chukotka, formation of the snow cover is related to
the North Atlantic atmospheric centers of action, the
Aleutian Depression and the Honolulu Anticyclone.
Their positive anomalies, caused by intensification of
the zonal transport on the hemispheric scale, are ac-
companied by the Arctic air intrusions and by de-
crease of snow accumulation in the north-east of Eur-
asia. Therefore, the growth of the snow cover depth in
the eastern sector has been mainly taking place since
the mid-1990s, in the period of weakening of the zon-
al circulation in the extratropical zone of the North-
ern Hemisphere and of the related to the pause in the
global warming.

The above changes in large-scale atmospheric
circulation are manifested in the changes in the snow
cover depth across Russia. To reveal these trends, we
can compare the spatial distribution of the trends of
the snow cover depth in the territory of Russia in the
period of rapid warming of 1979-1995 and in the
period of 1996—2013, when in the average surface
air temperature of Northern Eurasia (in Decem-
ber—March) a weak negative trend was observed
(Fig. 2, b). The change of trends becomes most visible
in the west and south-west of the ETR in the latitu-
dinal zone of 45-60° N — decease of the snow cover
depth in the range of 20—180 % /10 years till the mid-
1990s is alternated by equal growth in 1996-2013.
A noticeable change of the trends in the middle of the
1990s, only with the opposite sign, is also manifested
in Siberia and in the north-east of the ETR. Most
expressed (20-80 % /10 years) is the trend for the
snow cover depth in 1979-1995 in the north and
south of Siberia, as well as in the north-east of the
ETR (Fig. 2).

Although decrease of the snow cover depth in
1996-2013 (in Fig. 2, b this is expressed by the preva-
lence of the blue symbols over the pink ones) is not so
essential, compared to its growth over the preceding
17 years and for the most part is manifested along the
Arctic coast and in the south of Western Siberia, gen-
erally the territorial distribution of the trends shown
in Fig. 2 corresponds to the structure which was re-
vealed for the period of 1950-2001 [ Popova, 20071, as
well as for the period of 1950-2013 (Fig. 1, a).

In some regions east of 120° E, a change of the
trend sign for the snow cover depth is observed, be-
ginning with the mid-1990s. This is most clearly
manifested in the Khabarovsk Krai and in the south
of Primorye, as well as in Chukotka. In the first case,
the changes correspond to what is observed in the
west of the ETR: reduction of the snow cover depth
in 1979-1995 and its growth in 1996-2013. The
same changes may be observed on the eastern end of
Chukotka, and less expressed changes are generally
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recorded in the south of Yakutia. In the south-east of
Chukotka, on the Pacific coast, the direction of the
trends and their change coincide with the snow cover
variations in the north of Siberia, i.e., the growth of
the snow accumulation in 1979-1995 and its de-
crease in 1996—2013.

CHANGES IN THE SNOW COVER ONSET
AND OFFSET DATES AND IN THE SNOW
COVER AREA IN THE TERRITORY OF RUSSIA
IN THE MID-SEASONS

The onset of the snow cover, as well as its offset,
is closely related to the air temperature in the mid-
seasons [Brown and Mote, 2009; Ye and Lau, 2016];
therefore, the distribution of the long-term dates of
these phenomena over the territory has a zonal cha-
racter [ Kobysheva, 2001], which is somewhat violated
under the impact of such factors as the proximity to
the Atlantic Ocean, orography and the regional spe-
cifics of precipitation distribution. The difference in
the mean snow cover onset and offset dates in the ter-
ritory of Russia amounts to more than 3 months —
from mid-February in the south of Russia to mid-May
in Extreme North. On average for the territory, the
value of the standard deviation is about 10 and
15 days for the snow cover onset and offset dates, re-
spectively. More essential variability, which is charac-
teristic of both parameters, is observed in the ETR,
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along the Pacific coast and near the southern borders
of Russia [ Popova and Polyakova, 2013; Popova et al.,
2014].

Analysis of the long-term variations in the snow
cover onset dates does not reveal any periods of long-
term trends, which may be related to the modern cli-
mate warming from the beginning of the 1970s, with
the exception of the recent 10—15 years. In the long-
term variations of the snow cover areas in mid-Octo-
ber in the large regions of Russia (Fig. 4, a), the
trends are not revealed either in the period under in-
vestigation in total or from the beginning of the mo-
dern global warming (from the 1970s). This is ex-
plained by the fact that the rise of the air temperature
in the north of Eurasia in the autumn season started
only at the end of the 1990s (Fig. 4, ¢). In the 1950—
1980s in the middle of autumn (the end of the second
10-day period of October), a trend for cooling was
observed, and in 1990-2013, the air temperature rose
at the rate of 1.4 °C/10 years. It is evident that these
periods are reflected in the variations of the snow
cover areas in the middle of autumn; correlation be-
tween this parameter for the territory of Russia on
the whole and the mean air temperature in the north
of Eurasia in October is about —0.6.

It can be seen from Fig. 4, a that from the begin-
ning of the 1950s to the end of the 1970s a stable
trend for expansion of the snow cover area was ob-
served in the ETR, in Western Siberia, and on aver-
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Fig. 4. Changes in the snow cover area S (4, b) and in the air temperature T'in the north of Eurasia (¢, d) in

the middle of the autumn and spring seasons.

The area of the snow cover by the end of the 2" ten-days period of October (a) and of the 1% ten-days period of April () in the
territory of Russia as a whole (7), in the ETR (2), in Western Siberia (3), in Eastern Siberia and in the Russian Far East (4). The
temperature of the surface air on average in the north of Eurasia (40-75° N, 20—-180° E) in October (¢) and in March (d).

63



V.V. POPOVA ET AL.

age in Russia — about 4 % /10 years, which accounts
for 25 % of the total variance. The second half of the
1970s in these regions became a period with the max-
imum values of the snow cover area in the middle of
autumn (50—70 % of the territory of Russia). By the
beginning of the 1980s, following the abrupt reduc-
tion of the snow cover areas in the ETR and in West-
ern Siberia, the most stable 15-year period of the
snow cover is observed, with snow cover areas vary-
ing around the long-term mean value.

Significant anomalies of the snow cover areas
were also observed at the beginning of the 1990s and
2000s in the ETR and at the end of the 1990s — the
beginning of the 2000s in Western Siberia, followed
by reduction of the snow cover areas in all the re-
gions. Generally in Russia, the rate of these variations
reaches —6 % /10 years, with 32 % contribution to the
total variance. It is to be noted that the relation of the
long-term variations of the snow cover areas decreas-
es from west to east; while between the ETR and
Western Siberia correlation of these parameters is
0.44, for Eastern Siberia and the Russian Far East the
relation with Western Siberia is 0.31.

The spatial distribution of the anomalies of the
snow cover onset dates (Fig. 4, a) in 2000—-2013
(compared to 1950—1970) shows that the shifts of the
snow cover onset dates for longer dates cover practi-
cally the entire territory; however, significant chang-
es, comparable to the value of standard deviation, are
mainly observed in the ETR and in Western Siberia,
with maximum values of over 10 days in the area of
Southern Urals and the middle reaches of the Volga
River. In the remaining territory, similar shifts are
manifested rather locally, for example, in Extreme
North and in Kamchatka. Insignificant changes to-
wards the earlier onset of the snow cover are noted
for the eastern half of the territory; such changes
spread to Primorye and the Khabarovsk Krai.

The most noticeable shifts of the snow cover off-
set dates were recorded in the warmest twenty-year
period of instrumental observations (1989-2008),
compared to the mean figures for the comparatively
stable period of 1951-1970 (Fig. 5, b). Reduction of
the snow cover offset time affects the south-western
half of the European territory, as well as the larger

part of Eastern Siberia and the Russian Far East;
however, essential (statistically significant at the lev-
el of 5 %) shifts of 5-10 days are observed on the
western border of the ETR, in the Central Cherno-
zem region, in the Near-Caspian Sea region, in Trans-
baikalia, in Khabarovsk Krai and in the east of Yaku-
tia. An opposite trend is also observed: a delay in the
snow cover offset dates spreads to the greater part of
Western Siberia and the north-east of the ETR, West-
ern and Central Siberia, although the shifts exceed
5 days only in some places, in the south of Western
Siberia and in the north-east of the ETR. Essential
(more than 10 days) shift of the snow cover offset
dates to longer dates is recorded in Primorye and on
Sakhalin Island.

Reduction of the snow cover area at the begin-
ning of April has been recorded since the 1960s in all
the regions (Fig. 4, b). It is accompanied by the high
annual variability; hence the insignificant contribu-
tion of these trends to the total variability — from 6 %
for Russia as a whole to 2 % in Eastern Siberia and in
the Russian Far East. The most significant reduction
of the snow cover area in the middle of spring (6 % in
1950-2013) is characteristic for the ETR and West-
ern Siberia — 7 and 6 %, respectively, in total for Rus-
sia, it is equal to 4 %, and in the eastern region, it is
only 2 %. It is evident that this trend is caused by the
significant warming at the beginning of the spring
season — the air temperature trend for the north of
Eurasia in March for the period of 1950—2013 reach-
es 2.2 °C (Fig. 4, d). At the same time, correlation be-
tween the air temperatures (without the trend) gen-
erally for Russia is lower in comparison to this param-
eter for the middle of autumn — about —0.5. It is
mainly linked to the opposite tendency, i.e., expan-
sion of the snow cover area in Western Siberia from
the end of the 1960s to the end of the 1980s. It seems
that this may be explained by the intense growth in
the snow accumulation in this period (Fig. 3, b) and,
accordingly, by its slower offset under conditions
when the air temperature changes in March were not
so significant as in the 1990—-2000s. Rather close cor-
relation between the changes in the snow cover area
between the ETR and Western Siberia should be not-
ed (the correlation coeflicient 0.5), while the correla-
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Fig. 5. Changes in the snow cover onset (a) and offset () dates in the period of modern warming.

The difference in the dates, days from the beginning of the year, on average for 2001-2013, compared to the average dates for
1950—-1970 (a) and in 1989—-2008, compared to the average dates for 19511970 (b).
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tion between Western Siberia and the eastern regions
is rather low (0.34) in the period of the snow cover
onset.

DISCUSSION OF RESULTS

Based on the observation data collected at 600
meteorological stations located in the territory of
Russia (1950—2013), we analyzed the trends for the
main parameters of the snow cover under conditions
of the modern global climate changes, including the
period of rapid warming of the 1970—1990s and the
pause in the warming from the mid-1990s to 2013.
Analysis of the trends of the snow cover depth and
areas in the middle of autumn and spring, as well as of
the anomalies of the snow cover onset/offset dates,
allowed us to reveal the main regularities of the re-
gional distribution of the trends of these parameters
and their relation to the air temperature in the north
of Eurasia.

Regionalization of the changes in the maximum
snow cover depth in March performed by analysis of
the empirical orthogonal function based on the re-
gional structures of the patterns of EOF1 and EOF2
allowed us to identify the regions characterized by
the similarity of temporal variations of this parameter
and to reveal the specific features of the long-term
changes in winter snow accumulation in the territory
of Russia in the period of modern warming. In the in-
vestigated territory north of 55° N, three sectors were
identified: 30—45° E, 45-120° E and 120-180° E. The
mean long-term variation of the maximum snow cov-
er depth in March, calculated for each revealed re-
gion allows us to speak about the typical trends of
this parameter for the respective regions of Russia
and its relation to the modern global warming.
The central sector (45—-120° E) is noted for the high-
est values of this trend recorded in 1971-1995
(10 %/10 years) and for the changes in the snow co-
ver depth (26 %) by the beginning of spring in 1971—
2013, compared to the period of 1951-1970. Close
correlation with the surface air temperature is a dis-
tinctive feature of the variations in the snow cover
depth in this region on average in Northern Eurasia
in December—March (0.82) in 1971-2013. The pause
in the global warming is accompanied by decrease of
snow accumulation in 1995-2013, although less sig-
nificant, as compared to its growth in the period of
1951-1970. Hence, on average the increase of the
snow depth in Siberia and in the north-east of the
ETR in the period of 1971-2013 in relation to the
period of 1951-1970 reaches 26 %.

In the north-west of the ETR and in the Russian
Far East, winter snow accumulation also grows in the
period of the modern global warming, although not so
fast — 10 and 7 %. Beginning with the mid-1980s, in
the north-west of the ETR the negative correlation
with the surface air temperature is observed on aver-
age for Northern Eurasia in December—March

(—0.58). In the eastern sector including the north of
Yakutia and Chukotka, the growth of the snow cover
depth (about 5 %/10 years) is recorded from the mid-
1980s, especially noticeable from the mid-1990s. In
this region, there is no correlation between the air
temperature and the variations in the snow cover
depth in the other sectors for long periods.

Summing up the results of analyzing the changes
in the snow accumulation in the north of Eurasia
(north of 55° N) and their relation to the modern
warming, the average rise of the winter temperature
on the subcontinental scale by 1 °C in 1971-2013
versus 1951-1970 is accompanied by the rise of the
mean snow cover depth at the end of winter by 17 %
(7 cm). Territorially, this parameter is distributed un-
evenly — the largest changes of about 26 % (11 cm)
occurred in Siberia and in the north-east of the ETR;
in the north-west of the ETR and in the Russian Far
East they are less noticeable — 10 % (5 ¢cm) and 7 %
(3 cm). Such regional differences can be explained
from the viewpoint of the circulation mechanisms of
the modern warming in the north of Eurasia. First of
all, this is strengthening of the zonal circulation of
the extratropical zone of the Northern Hemisphere,
described by the indices of the Arctic Oscillation and
of the North Atlantic Oscillation. Rapid warming of
1971-1995, caused by intensification of cyclone ac-
tivity in the north-west of Europe [ Henderson and
Leathers, 2010] and in Siberia and by penetration of
the Atlantic air to the east up to the Yenissei River
[Bardin et al., 2015], is related to the positive phase of
the circulation centers of action mentioned above.
However, whereas in the north-west of the ETR,
these processes result in frequent thaws and snow
melting, in the north-east of the ETR and in Siberia,
winter warming is mainly accompanied by the back-
ground of negative temperatures and continuous
snow accumulation.

The change of the trends of the winter snow ac-
cumulation in the middle of the 1990s (in the period
of the rapid warming of 1979-1995 and in the period
of the weak negative trend of the winter temperature
of 1996-2013) is quite clearly manifested in the dis-
tribution of the snow cover depth over the territory
of Russia. The growth of the maximum March snow
cover depth in the north of Siberia in the north-east
of the ETR to 40-80 %/10 years in 1979-1995 and
its decrease in the west of the ETR (sometimes up to
180 %) are replaced by the opposite tendencies begin-
ning from the mid-1990s. Evaluations of the changes
in the snow cover depth in the territory of Russia in
2001-2010, as compared to 1966—2000 [ Osokin and
Sosnovsky, 2014], confirm the conclusion regarding
the change of the sign of the tendencies. This does not
contradict the previously made conclusions about the
trends in the characteristics of the snow cover depth
in 1966-2010 [Bulygina et al., 2011] but demon-
strates that the estimates smoothened by time and
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territory may fail to demonstrate the changes in the
trends, able to affect the water resources of the vast
regions.

The relation revealed between snow accumula-
tion and the air temperature in the north-west of the
ETR allows us to make a conclusion that decrease of
snow accumulation in the north-east of the ETR and
in the north of Siberia in 1996—2013 is related to the
same factors as weakening of zonal circulation and
increased occurrence of cold winters. One of the pos-
sible causes of these anomalies is reduction of the area
of Arctic ice | Petoukhov and Semenov, 2010; Semenov,
2015]. In this case, the results obtained do not con-
firm the conclusions regarding the increase of the
snow cover depth in the north of Siberia as a result of
reduction of the area of the ice cover in Arctic, made
on the basis of computer simulation calculations
[Ghatak et al., 2012].

The long-term variations in the areas of the snow
cover in the middle of spring do not show any trends
related to the pause in the warming or coinciding
with this period; however, a tendency for reduction of
this characteristic related to warming continues over
the entire period in question in the most part of the
territory of Russia. It is likely that this is the result of
essential warming at the beginning of the spring
season: the rise of the air temperature in the north of
Eurasia in March in 1950-2013 reaches 2.2 °C, al-
though in general for 1950—2013, the changes which
occurred are rather small — 2 % in Eastern Siberia
and in the Russian Far East and about 7 and 6 % in
the ETR and in Western Siberia. The general esti-
mates of the reduction of the snow cover area ob-
tained for Northern Eurasia in the period of snow
melting of the 1970-1980s | Brown and Mote, 2009;
Peng et al., 2013] are somewhat higher, which is ex-
plained by higher sensitivity to warming of the North
Atlantic coast and the territories along the southern
boundary of the snow cover.

Reduction of the snow cover offset dates over the
recent decades spreads over the south-western half of
the European territory and the greater part of East-
ern Siberia, although significant shifts (up to 15 days)
are mainly recorded on the western border of the
ETR, in the Central Chernozem region, in the Near-
Caspian Sea region, as well as in the Khabarovsk Krai
and in Priamurye. The opposite tendency is also ob-
served, which is manifested in the delay of the snow
cover offset dates, which concerns a part of Western
Siberia and the north-east of the ETR, Western and
Central Siberia. Essential (by more than 10 days)
shifts of the snow cover offset dates are observed in
Primorye and on Sakhalin Island.

Compared to the warming at the beginning of
spring, the air temperature rise in the north of Eur-
asia in the middle of autumn is delayed by approxi-
mately three decades. Hence, no long-term stable
trends are revealed in the changes of the snow cover
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area in the period of snow cover onset in the middle of
autumn and in the dates of the snow cover onset. In
1970-1980s, when the global warming was already
significant, in the middle of autumn a tendency for
cooling was recorded in the north of Eurasia, which
was reflected in the growth of the snow cover area in
1950—1980. The trend for the shift of the snow cover
onset dates for longer dates in the middle of autumn
was revealed only over the recent 10—15 years, when
the autumn temperature demonstrated continuous
growth. The shifts of the snow cover onset and offset
dates to the later dates in 2000—2013 (as compared to
1950—1970) are manifested practically in the entire
territory, although noticeable changes are mainly ob-
served in the ETR and in Western Siberia, while local
changes are observed in Extreme North and in Kam-
chatka.

CONCLUSIONS

The phases of modern warming, in particular, the
sharp growth of the winter temperature in 1970—
1995 and the subsequent pause in the warming, are
manifested in the long-term variations of snow accu-
mulation. In spite of the general growth of winter
snow accumulation in the territory of Russia essential
differences are revealed in the regional tendencies.
They are attributed both to the geographical posi-
tion, with which under conditions of the observed
global warming the transition of mean winter tem-
peratures to the regime of frequent thaws is related,
and to large-scale atmospheric circulation. The
growth of the maximum March snow cover depth in
the north of Siberia and in the north-east of the ETR
to 70—80 % in 1979—1995 and its decrease in the west
of the ETR, sometimes to 180 %, are replaced by the
opposite trends from the mid-1990s. Correlation be-
tween the snow cover depth and the surface air tem-
perature indicates that snow depth decrease in the
north-east of the ETR and in the north of Siberia in
19962013 is related to the same circulation process-
es as the increased occurrence of cold winters, i.e.,
weakening of the zonal circulation. The shift of the
snow cover offset date to earlier dates and the respec-
tive reduction of the snow cover area in the middle of
spring in the territory of Russia by the beginning of
the 2000s agrees with the general trend of global
warming, although the scale of changes of these char-
acteristics is not so essential, as compared to the
growth rate of winter snow accumulation. Significant
reduction of the snow cover extent in the middle of
autumn, as well as the delay of the snow cover onset
dates, corresponds to the air temperature growth in
the north of Eurasia in this season and has been ob-
served only over the recent 10—15 years.

The study was performed with the financial sup-
port of the RFBR (project # 17-05-00555).
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